Members of the genus *Prototheca* are nonphotosynthetic, achlorophyllous, plastid bearing, eukaryotic algae ([@b2], [@b3], [@b15], [@b23], [@b4],[@b5], [@b11] and [@b12]). These round or ovoid (3--40 μm) single-celled organisms reside in the Chlorophyta or green algal lineage, which is composed of a number of algal classes including the Ulvophyceae, Chlorophyceae, and the Trebouxiophyceae, with the last of these containing the genus *Prototheca* ([@b7]). Despite the fact that Trebouxiophycean algae have gained acceptance as a source of human nutrition, including *Chlorella* sp., *Auxenochlorella (Chlorella) protothecoides* ([@b9], [@b16], [@b6], [@b20], [@b21]) and *Prototheca*, both for its oils ([@b22]), and as a potential source of vitamin C ([@b19]), these organisms remain understudied, with the taxonomy of many Trebouxiophytes being poorly resolved; this is particularly true of the genus *Prototheca*.

Historically, taxonomy of the genus *Prototheca* has been based primarily on morphological and auxanographic features ([@b13], [@b14]). More recently, molecular taxonomic approaches have been used in an attempt to classify members of the genus *Prototheca* ([@b26], [@b17]), but the utility of this approach was limited owing to the complex nature of the gene families used for the analysis ([@b25]). Indeed, nuclear 18S rDNA sequences for *Prototheca* strains have been shown to exist in multiple copies many of which are in fact sequence variants, thereby complicating their utility in phylogenetic analysis, especially in closely related species. Due to this uncertainty, 16S and 23S plastidic rDNA sequences were selected for this analysis.

In the work described here, we have sequenced the complete 16S plastidic rDNA and a phylogenetically informative region of the 23S plastidic rDNAs from 23 different *Prototheca* species, as well as from an isolate of *A. protothecoides*, which is the only photoautotroph in this group. These strains were obtained from various culture collections around the world. Here, we report phylogenetic relationships among the various *Prototheca* species, based on 16S and 23S plastid rDNA sequence information, and assess whether the phylogenetic relationships correlate with the ability of the organisms to use specific fixed carbon compounds.

Strains, growth, and genomic DNA extraction
===========================================

The strains that were the subject of this study and their source collections are listed in Table[1](#tbl1){ref-type="table"}. Cells were grown axenically and maintained essentially as described in [@b14]. Genomic DNA was prepared as described in [@b18].

###### 

Nutrient utilization of *Prototheca* species and *Auxenochlorella protothecoides*.

                                                                                Arginine^b^   Fructose^b^   Glycerol^6^   Lysine^3^   PHC^a^   Proline^3^   Trehalose^11^
  --- -------------- ------------------------- -------------------------------- ------------- ------------- ------------- ----------- -------- ------------ ---------------
  A   UTEX 250       *A. protothecoides^\*^*   (Krüger) Kalina & Puncochárová   \+            \+            \+            --          --       --           \+
  B   SAG 263--11    *P. wickerhamii*          Tubaki& Soneda                   \+            --            --            --          --       \+           --
  C   CBS 157.74     *P. wickerhamii*          Tubaki& Soneda                   \+            \+            \+            \+          \+       \+           \+
      UTEX1439       *P. moriformis*           W. Krüger                        \+            \+            \+            --          \+       \+           \+
      UTEX1441       *P. moriformis*           W. Krüger                        \+            \+            (+)           \+          \+       \+           \+
      UTEX1435       *P. moriformis*           W. Krüger                        \+            \+            \+            \+          \+       \+           \+
      UTEX1437       *P. moriformis*           W. Krüger                        \+            \+            \+            \+          \+       \+           \+
      ATCC 16529     *P. wickerhamii*          Tubaki& Soneda                   \+            \+            \+            \+          \+       \+           \+
  D   ATCC 16528     *P. stagnora*             W.B. Cooke                       --            --            --            --          --       --           --
      CBS 605.66     *P. stagnora*             W.B. Cooke                       \+            --            --            --          --       --           --
      ATCC 50112     *P. ulmea*                R.S. Pore                        \+            --            --            --          --       --           --
      SAG 263--2.2   *P.sp*.                   W. Krüger \#                     \+            --            --            --          --       --           --
  E   SAG 2064       *P. blaschkaea*           U.Roesleret et al.               \+            \+            --            --          --       (+)          --
      ATCC 30253     *P. zopfii*               W. Krüger                        \+            \+            (+)           \+          --       \+           --
      UTEX 288       *P. moriformis*           W. Krüger                        \+            \+            \+            \+          --       --           --
      SAG 263--4     *P. zopfii*               W. Krüger                        \+            \+            \+            \+          --       --           --
      UTEX1442       *P. stagnora*             W.B. Cooke                       \+            --            --            --          --       --           --
      ATCC 50081     *P. moriformis*           W. Krüger                        \+            --            --            --          --       --           --
      SAG 43--80     *P. zopfii*               W. Krüger                        \+            --            --            --          --       --           --
      UTEX329        *P. kruegeri*             Pringsheim                       --            --            --            --          --       --           --
      SAG 263.7      *P. zopfii*               W. Krüger                        --            --            --            --          --       \+           --
      SAG 263--2.1   *P*. sp.                  W. Krüger \#                     \+            \+            \+            --          --       --           --
      SAG 2021       *P. zopfii*               W. Krüger                        \+            \+            \+            --          --       --           --
      SAG 2063       *P. zopfii*               W. Krüger                        \+            \+            \+            --          --       --           --

The nutrient utilization data presented in Table[1](#tbl1){ref-type="table"} are sorted in the same order as the 16S plastid rDNA tree. Nutrient utilization was determined by growth as described in the Materials and Methods. The names in the authority column conform to the convention given in algaebase.org ([@b8]). The phenotypic responses were scored as -- for no utilization, (+) for doubtful utilization and + for positive utilization. The nutrient source is labeled a) Enteric/Nonfermenter and b) Gram Positive. PHC is the abbreviation for p-n-p-phosphorylcholine. For *A. protothecoides* (marked with an ^\*^ in Table[1](#tbl1){ref-type="table"}), incubations were for 48 h at 28°C. SAG 263-2 (marked with a \# in Table[1](#tbl1){ref-type="table"}) was determined not to be uni-algal. The two resulting isolates were therefore isolated and split into two unique strains, 263-2.1 and 263-2.2.

Amplification and Sequencing of 16S and 23S rDNA
================================================

Approximately 1 ng of extracted genomic DNA was used as template for the PCR reactions. Primers were designed to anneal to regions of the 16S rRNA and 23S rRNA genes conserved across a wide variety of organisms. Oligonucleotides used for the 16S rDNAs were designed to amplify a region of ∼1,431 bp of plastidic DNA and included a forward primer with the sequence 5′-AGAGTTTGATCCTGGCTCAG-3′ and a reverse primer with the sequence 5′-GGCTACCTTGTTACGACTTC-3′, annealing to nucleotides 122583 to 122602 and 124033 to 124014, respectively in Genbank Accession No. HQ914635. Oligonucleotides used for the 23S rDNAs were designed to amplify a region of ∼530 bp of plastidic DNA and included a forward primer with the sequence 5′-TGTTGAAGAATGAGCCGGCGAC-3′ and a reverse primer with the sequence 5′-CAGTGAGCTATTACGCACTC-3′, annealing to nucleotides 637 to 658 and 1182 to 1163, respectively, in Genbank Accession No. HQ914635. Negative controls contained no template DNA.

Nutrient utilization
====================

Algal cultures were incubated aerobically for 5 d at 28°C, essentially as described by [@b14], on medium containing 2% glucose, or 2% glucose supplemented with 4 g · L^-1^ yeast extract. Nutrient utilization for each strain was assessed using the microbial BBL Crystal Identification Systems (Becton Dickinson, Franklin Lakes, NJ, USA) as described previously ([@b17]). Both the Enteric/Nonfermenter ID kit and the Gram Positive ID kit from Crystal ID Systems were employed to establish utilization profiles. *Prototheca* sample panels were incubated for 48 h at 37°C in a 70% humidified chamber. *Auxenochlorella* sample panels were incubated for 48 h at 28°C in a 70% humidified chamber. Panels were scored using the BBL Crystal Panel Viewer (Becton Dickinson).

Sequence alignment and tree construction
========================================

Both 16S and 23S plastid rDNA sequence data were used to build phylogenetic trees by the maximum-likelihood method. The multiple alignment algorithm used was Clustal W while tree generation was performed with the program PHYML, with *A. protothecoides* selected as an outgroup to root the tree. Parameters were GTR+G+I mode of sequence evolution search with 1,000 bootstraps; other tree generation methods tested included Bayesian, Parsimony and Neighbor Joining, all of which yielded essentially identical clading patterns.

The phylogenetic trees generated for both 16S (Fig.[1](#fig01){ref-type="fig"}) and 23S (Fig.[2](#fig02){ref-type="fig"}) rDNA share a very similar structure, with only slight differences within Clade E. The bootstrap value for each branch length demonstrates the strength of each branch point; the branches separating each clade have support of 97 or higher. These bootstrap values demonstrate the robustness of this tree, which had the same clading structure regardless of the tree building method used; very similar trees were generated using the Bayesian, Parsimony and Neighbor Joining methods.

![A 16S plastid rDNA phylogenetic tree generated by the maximum-likelihood method. The 16S rDNA plastid sequences from the 24 algal strains form five distinct clades, regardless of the tree generation algorithm used; the maximum-likelihood tree is displayed in Figure[1](#fig01){ref-type="fig"} along with associated bootstrap values. The five clades (A--E), are composed of: (A) *Auxenochlorella protothecoides*; (B) A single *Prototheca wickerhamii* isolate (C) A mixture of *P. wickerhamii* and *P. moriformis isolates; (D) P. ulmea* and *P. stagnora*; (E) primarily *P. zopfii* isolates with two *P. moriformis*, as well as *P. kruegani* and *P. blaschkaea*.](jpy0050-0765-f1){#fig01}

![23S plastid rDNA tree generated by the maximum-likelihood method. Like the 16S rDNA plastid sequences the 23S rDNA plastid sequences form five distinct clades regardless of the tree generation algorithm used. The five clades are identical in makeup to those described for the 16S clades.](jpy0050-0765-f2){#fig02}

Using pairwise comparisons between individuals in each clade, the 16S rDNA data show that Clade A and B share 93.9% sequence similarity (UTEX 250 and SAG 263-11); Clades B and C (SAG 263-11 and ATCC 16529) share 86.8% sequence similarity; Clades C and D (ATCC 16529 and CBS 605.66) share 67.9% sequence similarity; Clades C and E (ATCC 16529 and SAG 43-80) share 71.6% sequence similarity; Clades D and E (CBS 605.66 and SAG 43-80) share 76.1% sequence similarity.

The auxanographic data (Table[1](#tbl1){ref-type="table"}) for these algal strains do not entirely conform to either the current taxonomic groupings or the molecular data presented here. All organisms listed grew on glucose (data not shown). The clades described in the phylogenetic trees group the majority of the trehalose consuming algae together (Clade C), with the exception of *P. wickerhamii* SAG 263-11, which was unable to use trehalose. Furthermore, *A. protothecoides* UTEX 250 (Clade A) also was able to use trehalose, and was only able to grow at the lower temperature of 28°C. *P. kruegani* UTEX 329 and *P. stagnora* ATCC 16528 showed no growth on any of the alternative carbon sources, and *P. zopfii* SAG 263.7 only grew when proline was used as a carbon source. Furthermore, a number of organisms in Clades D (*P. stagnora* CBS 605.66, *P. ulmea* ATCC 50112, *P. *sp. SAG 263-2.2) and E (*P. stagnora* UTEX 1442, *P. moriformis* ATCC 50081, *P. zopfii* 43-80) only grew on arginine as an alternative carbon source, while others in Clade E could use a number of different carbon sources (fructose, glycerol, lysine and proline). The finding that the specificity of the strains with respect to the utilization of different fixed carbon sources is not strictly correlated with the clading results, is interesting since some of these strains show close phylogenetic relations (see for example *P. zopfii* SAG 263.7 and *P. kruegani* UTEX 329).

Evolutionary relationships based on phylogenies relative to nutritional information
===================================================================================

The molecular genetic data provide a robust phylogeny of the different *Prototheca* strains based on both 16S and 23S plastid rDNA sequences. This finding reinforces the conclusions of previous work ([@b26]) using 18S nuclear rDNA and 16S plastidic rDNA sequences. However, the data presented here are more extensive than previous studies because a larger number of taxa were examined and we included 23S plastid rDNA information. The same strains that we used for the phylogenetic analyses were analyzed for nutrient utilization, and there were a number of cases in which the nutrient utilization profile was not consistent with the phylogenetic grouping of the organism. While nutrient utilization studies are relatively easy to perform and have been widely used to classify *Prototheca* isolates in the past, our work clearly shows that inferences concerning phylogenetic relationships based on nutrient utilization are problematic. As an example, *P. stagnora* ATCC 16528 (Clade D; Figs.[1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}) shows the exact same auxanographic fingerprint as *P. kruegani* UTEX 329 (Clade E; Figs.[1](#fig01){ref-type="fig"} and [2](#fig02){ref-type="fig"}) and yet molecular genetic characterization shows these strains to be quite disparate.

Trehalose utilization was previously used to distinguish *P. wickerhamii* from all other *Prototheca* species. While others have successfully grown *P. wickerhamii* SAG 263-11, one of the most well-characterized strains, on trehalose ([@b14], [@b24]), in this study the growth of *P. wickerhamii* SAG 263-11 was not supported by trehalose (under either of the temperature conditions used). This is surprising since the strain previously tested ([@b24]) is the same as ours based on identical 16S and 23S rDNA sequences (Genbank: AJ245645 and [@b10]). It is possible that the strain lost its ability to utilize this sugar during long years of culturing in the absence of trehalose; this could be a feature associated with many nutrient uptake and assimilation systems. Furthermore, some of the features associated with nutrient utilization can be acquired as a consequence of lateral gene transfer and would not reflect the phylogeny of the organism. Overall, our results are cautionary and suggest that basing strain classification solely on auxanographic features, which has been done in the past, can be misleading, while sequence-based phylogenies, particularly when utilizing multiple gene sequences, provide stronger evidence for evolutionary relationships.

Naming inconsistencies between strains
======================================

The naming of the different species within the genus *Prototheca* has been driven largely by morphological and auxanographic characteristics over the past 120 years. As observed, based on the 16S and 23S plastid rDNA phylogenetic trees that we generated, the current taxonomy forms paraphyletic groups. Among two of the five clades, *P. moriformis* isolates share near identical 16S and 23S plastid rDNA sequences with *P. wickerhamii* isolates in Clade C and *P. zopfii* isolates in Clade E. Similarly *P. wickerhamii* isolates are spread among Clades B and C. Furthermore, *P. wickerhamii* SAG 263-11 appears to be more closely related to *A. protothecoides* UTEX 250 than to the *P. wickerhamii* isolates in Clade C, which includes strains designated as both *P. wickerhamii* and *P. moriformis*. Based on the molecular genetic data presented here, the strains named *P. moriformis*, *P. wickerhamii* and *P. stagnora* are part of paraphyletic groups that should be resolved in future studies.
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